In this paper an analysis of tendencies of Ge on Si quantum dots nanoheterostructures
Introduction
In recent decades, growth of Ge on Si attracts much atten− tion from researchers in connection with its great impor− tance for the development of semiconductor technology and many possible uses of Si/Ge−based semiconductor materials in optoelectronics. Materials containing nanodi− mensional inclusions of Ge (quantum dots, QDs) embedded in Si matrices make it possible to create light−emitting devices and photodetectors that may successfully compete with traditional optoelectronic devices based on A III -B V compounds.
One of the most promising Si/Ge heterostructures' pro− duction methods is molecular−beam epitaxy (MBE). The morphology of Ge islands during the growth process can be controlled by changing the temperature of substrate, Ge deposition rate, and the total thickness of Ge layer. In addi− tion, there are some alternative methods of defining proper− ties of such systems such as changing substrate orientation or its oxidation, using surfactants, lithography, radiation treatment, and other methods [1, 2] .
Nanoheterostructures with self−organized QDs of Ge on Si grown using the method of molecular beam epitaxy have shown many new nanoscale phenomena (connected with low−dimensional quantization effects) that are promising for optoelectronic devices [3] [4] [5] [6] . The aim of this paper is to define the QDs arrays' properties necessary for its use in optoelectronics and to estimate the possibilities of such structures' creation.
Heterostructures with self-organized quantum dots of Ge on Si

Quantum dots for optoelectronic devices
One of the heterostructures with QDs application areas is quantum dot field−effect transistor (QDFET) [7] [8] [9] . But for the realization of all QDs advantages it is necessary to use the latest technological advances. In particular, to increase the operation temperature of QDFETs up to 300 K it is nec− essary to obtain QDs arrays with the average size of islands less than 10 nm. Only these sizes could provide strong enough carrier confinement in the dots and the larger energy level separation [6] . To make use of the possible advantages of the quantum dots infrared photodetectors (QDIP) for near infrared opera− tions (increased sensitivity to normally incident radiation, large photoelectric gain, small thermal generation rate, pos− sibility of the narrow−band detection) the photosensitive region of detectors should consist of a dense array of QDs with a surface density of dots at about 10 11 -10 12 cm -2 [6, 10] .
The integration of Ge/Si heterostructures on a Si chip and their compatibility with Si−based electronic circuitry offers great potential for the design of low−cost optoelec− tronic modules, operating at the 1.3 μm and 1.55 μm tele− communication wavelengths [6, 11] . For example, in [12] [13] [14] [15] , photodetectors for application in fibre−optic trans− mission systems were obtained and examined. For the l = 1.3 μm wavelength quantum, the efficiency of 1-4.2% was attained. Dark current densities under the 1 V bias at room temperature in this research totalled 10 -4 -10 -3 A/cm 2 that considerably exceeds currents in Ge and Si diodes.
In Ref. 16 the authors report about the creation of tune− able in the near and middle IR ranges Ge/Si photodiodes con− taining from 12 to 36 layers of QD as an active element. All the quantum dots were grown using the method of molecular beam epitaxy on the oxidized Si surface at various tempera− tures. The average lateral size of QD was about 15 nm. In− creasing of quantum efficiency was reached due to the real− ization of waveguide structures of photoreceivers and the use of the effect of total internal reflection from the waveguide walls. Photosensitive layers were formed on silicon−on−insu− lator substrates as lateral waveguides with width of 50 μm. The length of waveguides varied from 100 μm to 5 mm. It was found that maximum quantum efficiency is realized in structures with lengths of 3 mm or less under the bias of more than 3 V and reaches 21% and 16% for wavelengths of 1.3 and 1.55 μm, respectively. Such high values of quantum effi− ciency are obtained thanks to a high density of Ge quantum dots in the active region and the effect of total internal reflec− tion. It was found also that external quantum efficiency (EQE) rises with the increase of number of Ge islands stac− ked layers and the decrease of the spacer thickness.
Research into avalanche Ge/Si−based photodiodes is at the initial stage now. Development of such photoreceivers is aimed at a combination of success made in designing Ge/Si p−i−n photodetectors and excellent multiplying properties of silicon [17] .
Increasing of EQE values of Ge/Si nanoheterostructures in spectral ranges out of fundamental absorption in Si opens up new vistas in using these structures for the creation of effective photo− and thermo−transmitters.
The backlog created during solving different tasks of photoelectronics can be used in the development of convert− ers of solar and thermal power.
Research has shown that in structures with Ge/Si QDs during the absorption of light transition of electrons from valence to conduction band are possible via states in inter− mediate band which are formed by local energy levels of QDs [18] . The analysis of the obtained results allows us to make a supposition that self−organized array of Ge QDs in Si with high surface density causes the appearance of inter− mediate band within the band gap of original material.
It makes possible the widening of the spectral range of absorption in the infra−red region, to increase the lifetime up to 1 μs by suppressing radiationless recombination and im− proving the efficiency of solar cells thanks to the fuller usage of solar energy.
Estimations show that maximum efficiency of radiation transmissions into electricity for Ge/Si−based materials re− aches 53% due to the absorption of light in a larger spectral range and the reemission effect [18] .
For comparison, to date, crystal silicon solar cells domi− nate the market. The efficiency of their best samples reaches a value of about 20%. In more expensive multi−junction solar cells based on A III -B V compounds it is possible to obtain an efficiency which is equal to 34%.
Problems in the modelling of QDs formation kinetics
Deposition of SiGe on Si substrate can be described in the first approximation as a classic process of Stranski−Krasta− nov growth, where QDs formation is governed by compet− ing kinetic and thermodynamic processes. Self−organization of QDs develops through classical stages of islands' nucle− ation and growth. However, growth of SiGe films includes, in fact, a number of far more complicated mechanisms, which are not taken into consideration by the simplified Stranski−Krastanov growth scheme and which demand more detailed studying, as they influence indirectly the structure of emerging QDs. During the initial stages, layer−by−layer growth of Ge on Si is realized. After the Ge wetting layer exceeds some criti− cal thickness due to mass transfer with the help of surface diffusion, small 3D islands' emerging begins. They appear either as a result of nucleation from a 3D nucleus when suf− ficient strain is accumulated, or by a nucleationless mecha− nism from morphological instability, forming the so called quasi−periodic arrays of islands. With the increase of depos− ited material thickness quite a number of metastable mor− phological structures such as pyramids with a square or rect− angular base (hut−clusters) arise. The second stage of coher− ent islands formation is their independent development, usually proceeding without changes in their geometrical form. In the Ge/Si system with the islands' size increasing transition from hut−clusters to the so called dome−clusters with a typical lateral size of 50-100 nm is observed. After continuous exposition of the structure the next stage of islands' ensemble evolution, during which interaction between clusters becomes important. As a result, dislocated islands with sizes of about 1 μm emerge. In this growth scheme processes during initial stages are still ambiguous. The question about driving forces of these processes de− mands a solution. Mechanisms of hut− to dome−clusters transition also remain a subject of scientific discussion.
Another extremely important factor, which is not inclu− ded in the simple Stranski−Krastanov model, is surface ani− sotropy. Experiments on growing QDs on substrates with various orientations demonstrate realization of completely different growth modes and surface morphology for struc− tures on Si(100) and Si(111) surfaces. In particular, for cer− tain orientations of substrate metastable strained morpholo− gies may be absent.
Additionally, epitaxy of different materials and doping may become one of the ways to strain relaxation. Impurity introduction increases concentration of inhomogeneities in islands that, in turn, changes the growth mode and affects quantum dots properties.
Thus, there is a necessity to determine the balance bet− ween basic driving forces of nucleation and growth of QDs to predict or manage processes of their self−organization for the purpose of improving their physical properties.
For the creation of different semiconductor devices it is necessary, first of all, to define the QDs arrays' typical char− acteristics' essential for achieving the goals set for devices. For example, to make the QDs suitable for the creation of devices operating at room temperature, it is necessary to sat− isfy the following requirements: 1) QDs have small enough size for the appearance of suffi− ciently deep localized states; 2) QDs in the ensemble of islands show high homogeneity by their size and shape; 3) QDs have the maximum possible surface density; 4) the system remains coherently strained, i.e., it contains no defects or dislocations [19, 20] . Therefore, researchers pay maximum attention to reach− ing the growth conditions required for the obtaining of such structures. Managing the self−organized islands' properties is one of the rapidly developing directions. Fulfilment of the above requirements may be possible due to combining the achievements of applied physics.
Thus, the task for researchers today is to develop dense and homogeneous arrays of ultra−small QDs creation tech− nologies on large scale substrates [20] .
For effective application in various devices it is neces− sary to create heterostructures with narrow size distribution of QDs, because such distribution provides optimal condi− tions for occurrence of quantum effects. Homogeneity of islands depends critically on growth parameters such as temperature, Ge thickness and deposition rate, and some other factors. Desirable size distribution of QDs can be reached only by the thorough fitting and permanent control of growth conditions [21] .
In Ref.
2 it was reported, that at a growth temperature of 600°C, a Ge growth rate of 0.02 nm/s and Ge coverage of 1.5 nm high uniformity in dot size was achieved. The dots were all dome−shaped with a mean lateral size of 70 nm and a height of about 15 nm. The areal density and the height deviation of the islands were about 3×10 9 cm -2 and 3%, respectively.
Another way to achieve homogeneity is deposition on the Si substrate layers of Ge However, such big islands do not claim to be device−ori− ented since quantum properties become apparent only for sufficiently smaller QDs. To date achievement of such homogeneity allied with small sizes of QDs meets certain technological difficulties. It is especially complicated by the tendency of QDs to bimodal size distribution on late stages. Thereby, for potential applications it is necessary to learn how to govern islands size distribution.
The task of optical radiation detection using thin micro− and nano−semiconducting layers is of great practical inter− est. But application of these layers is limited by their low absorption [22] . So, it is important to create conditions for growth and self−organization of quantum dots in multi−layer structures, containing embedded layers with quantum dots, which greatly affect the islands growth and ordering. That is why for quite a number of applications it is very important to create ordered arrangement of islands. In some cases ordering can occur spontaneously due to repulsive elastic forces between islands. This trend of spontaneous ordering can be intensified by stacking several layers with quantum dots (one above another) separated by thin layers of silicon.
Besides that, due to an outstanding significance of multi− −layer structures containing layers with quantum dots it is important to create such structures with given properties. Such multi−layer heterostructures with quantum dots have great applied importance because of their new potentialities, such as electron connection of clusters in vertical direction, formation of 3D lattices, consisting of quantum dots, fre− quently called "artificial atoms". Another fundamental fea− ture of staggered QD Ge/Si is the spatial separation of elec− trons and holes resulting in formation of spatially indirect excitons [4] .
It should be noted that creation of multi−layer structures with 100 or more layers is technologically difficult and practically unreasonable because the quality of p−n−junction in this situation is reducing. While making multi−layer struc− tures, in particular, assuring occurrence of the intermediate band, materials with different crystal lattices constants are used. It causes appearance of built−in mechanical strains and, if the total thickness of a multi−layer structure is rather high, there may appear structural defects such as misfit dislocations.
For multi−layer structures with self−organized QDs in top layers' reduction of critical thickness of Stranski−Kras− tanov transition was found out. This effect is caused by local deformation of the thin layer above the QDs. Emerging of dots in the top layers occurs with a lesser thickness of deposited material exactly above the islands of the underly− ing layer. As a result of such nucleation in multi−layer struc− tures with thin enough intermediate layers vertical ordering of QDs is observed. Successive depositing of layers with Ge QDs leads to improvement of ordering of islands by their size and area. Elastic deformation field distortions from a cluster penetrate on various distances into the spacer layer depending on accumulation of QDs and the volume of the particular dot. On the spacer surface areas of preferential nucleation of QDs appear. Adjusting spacer thickness, it is possible to filter influence of weak QDs [4] .
When Stranski−Krastanov's transition nature is explai− ned, we usually define benefit in elastic energy of the sys− tem. This occurs due to relaxation of the top of the QD that compensates loss in surface energy of the system originat− ing from the surface area increasing in comparison with a plain layer. Energy change due to weakening of attraction of adatoms to the substrate, breaking into the energy bal− ance influences the transition to critical thickness. Expres− sion of this energy changes essentially for multi−layer struc− tures in comparison with the modelling of a single layer.
When considering multi−layer systems, the value of free energy should be calculated with respect to influence of all the deposited strained layers. It considerably complicates modelling of QDs formation kinetics and requires an ade− quate theoretical model. In the simplified case it is neces− sary to introduce some phenomenological parameter that has a form of exponential factor to the elastic energy of the system with some characteristics of the length called attenu− ation depth. Layers situated deeper than this length do not influence the Stranski−Krastanov transition [23] .
Another phenomenon also defining the Stranski−Krasta− nov transition is segregation, i.e., is depletion of the solid solution and enhancement of the surface layers by Ge atoms. It is especially important to take into account the seg− regation effect when Ge and Si atoms concentration distri− bution between layers is calculated. It also plays an impor− tant role for the further computing of critical thickness for depositing on the Si surface of Ge x Si 1-x layers with various percentage of Ge [24] .
Introduced in Ref. 25 kinetic model describes segrega− tion in InGaAs system as a combined action of two thermo− activation processes of interchange of In−Ga atoms between surface and top layer of solid phase. This model may be applied to the Ge−Si system by changing corresponding numerical constants. On the basis of this model content of Ge and Si in every monolayer of growing structures is cal− culated. Then, for the layer containing N monolayers elastic energy on the unit of surface is computed as the sum of sur− face elastic energies of every monolayer [24] 
The change of elastic energy during transition of atoms from wetting layer to the island is expressed through the Ratsch−Zangwill relaxation coefficient Z [26] [27] [28] DF ZF elast elast
The increase of surface energy during formation of pyra− midal island with the angle j between side wall and sub− strate surface is given by
where g(0) and g(j) are specific surface energies of base and side walls of the pyramid, and L is the base lateral width of the square island.
The following equation is taken as a transition criterion
For constant Z and j it gives certain threshold value of total elastic energy. When this value is reached the Stranski− −Krastanov transition occurs. It corresponds to a certain number of monolayers N c in Eq. (1). This number of mono− layers defines critical thickness h c of the transition [24] 
where d 0 is the monolayer height (Fig. 1) .
To consider the influence of strained underlying SiGe layers on the film growth, it is necessary to use the follow− ing equity instead of Eq. (4) 
where W is the additional exponential factor describing the influence of elastic energy accumulated in strained underly− ing layers
Coordinate y counts from the surface inside the struc− ture. L dec is an adjustable parameter calling attenuation depth and describing decrease of influence of buried strai− ned layers on the Stranski−Krastanov transition.
Finally, as soon as the islands on the initial stage have a form of pyramids with a square or rectangular base [20, 31] , it is necessary to create a model that takes into account co−existence of these two forms of clusters. We assume that it is possible to do it by accounting change in side walls, square and base perimeter, and area. We have also recomputed the Ratsch−Zangwill coefficient of elastic relaxation for the elongated islands (Fig. 2) [32] .
For modelling the kinetics of a wedge−like (elongated, rectangular) island, as for hut (pyramidal, square) islands, it is necessary, first of all, to define the free energy of the island formation as the function of its size.
We believe that base length to width ratio of wedge clus− ters is distributed evenly from 1 to 10 [31] . Then relation between the number of atoms in the island i and its lateral size (width) L is governed by 
where l 0 is the mean distance between atoms on the surface. During the Stranski−Krastanov growth due to diffusion of atoms from the wetting layer to the island for elongated islands with a rectangular base and constant contact angle j the free energy (expressed in k B T units, where T is the sub− strate temperature and k B is the Boltzmann constant) has the form similar to pyramidal clusters with a square base [30] 
where l is the material's modulus of elasticity, e 0 is the lat− tices mismatch, Y 0 is the wetting energy density on the sub− strate surface, k 0 is the atoms to substrate attractive force relaxation coefficient, z = h/h eq -1 is the wetting layer superstress, h is the Ge wetting layer thickness, and h eq is its equilibrium thickness [30, 33] . The islands nucleation rate is defined by Zeldovich for− mula [30] 
where W + (i) is the rate of atoms arrival to the rectangular island consisting of i atoms
i c is the critical size at which the free energy has its maxi− mum
and D is the coefficient of diffusion of atoms from the wet− ting layer to the islands [30, 32] . For nucleation rate of elongated islands we will obtain the following dependence on the wetting layer superstress
where
n is the parameter of cutting of the elastic strain field [34] . For calculations the following material values were selec− ted [30, 34] : l = 1.27×10 12 The following modelling of wedge−like clusters forma− tion kinetics is conducted like for pyramids with a square base [30] but with recalculated parameters, mentioned above.
This model allows us to estimate the growth conditions that will lead to obtaining the QDs arrays with parameters suitable for device applications. For example, at the sub− strate temperature T = 360°C and the deposition rate V = 0.09 ML/s the model predicts for the average size of QDs the value about 13 nm and for the surface density the value about 3.7×10 11 cm -2 , that corresponds well with the experi− mental data from [31, 35] . Moreover, elongated clusters will have at this conditions even narrower size distribution, lesser sizes and higher density (Fig. 3 ) that potentially makes them more useful for optoelectronics. Comparison of the nucleation rates for islands with a square and rectangular base shows that elongated islands emerge a bit later and their nucleation progresses more intensively (Fig. 4) . It explains the increase of wedge−like clusters fraction in QDs arrays on the later stages of growth [31, 35] .
Conclusions
Thus, heterostructures with quantum dots of Ge on Si are very promising for photodetectors and other optoelectronic devices. For realization of good device characteristics QDs should have high density, small sizes, uniformity, and nar− row size distribution. An attempt was made to develop the kinetic model of processes taking place at the initial stages of QDs formation in multi−layer structures with QDs of Ge in Si, accounting the influence of underlying SiGe layers, Ge atoms segregation effect and existence of quantum dots of different shapes. Theoretical estimations show that desir− able QDs arrays parameters are attainable under certain growth conditions. Meanwhile elongated QDs with rectan− gular base are potentially more attractive for device applications.
